ABSTRACT This paper describes a wideband and low-profile end-fire surface wave antenna embedded into a large metallic platform. It consists of a tapered grounded slab fed by a wideband surface wave launcher and coated with a planar gradient metasurface (MS). It is found that by altering the surface reactance of the MS array, the surface wave propagating in the grounded slab can be manipulated to suppress the radiation of TM 1 mode region at a specific high frequency. A simple design procedure of MS array is then developed. In addition, a blind-filled cylinder hole is used to further improve the radiation pattern at certain high frequencies. A prototype of the proposed antenna is finally fabricated and tested. Measured results are in good agreement with simulated ones, and they show that the surface wave antenna has a very wide bandwidth from 3.78 to 18.54 GHz for voltage standing wave ratio < 2.5 and exhibits a low profile of only 5 mm (0.063 λ L , λ L is the free-space wavelength at the lowest operating frequency). Good radiation pattern and high gain are achieved over a wide frequency band.
I. INTRODUCTION
Wideband end-fire antenna has received growing attention due to its wide applications in aircraft, missile, and unmanned aerial vehicles. It is usually required to be low profile and conformal with curved surfaces of the mounting platform so as to decrease the aerodynamic drag. A lot of efforts have been made to design wideband and low-profile end-fire antennas based on these applications [1] - [5] . In [1] , a balanced antipodal Vivaldi antenna was proposed as an array element to be mounted on a large conducting cylindrical platform achieving an extremely broad bandwidth. In [2] , an H-plane horn antenna based on a coaxial-to-ridged waveguide transition was studied, and its conformal six-element array placed on the surface of a cylindrical platform was demonstrated in [3] . The antenna achieves a low profile of 0.07 λ L (λ L is the freespace wavelength at the lowest operating frequency) and a broad bandwidth of 6.6 GHz to 18 GHz with a voltage standing wave ratio (VSWR) less than 2.5. Monopole log-periodic antenna array [4] was designed on a large conducting plane. Each element of the antenna is loaded at the top end with different sizes of patches to reduce the height of the monopoles. Many rows of coupled resonators and directors fed by a trapezoidal launcher were also developed to design a low profile end-fire antenna [5] , which exhibits a bandwidth of 109% and a profile of 0.044 λ L . However, these proposed designs usually cause aerodynamic drags owing to the fact that they cannot be embedded into the mounting platforms. Surface wave antenna is another candidate to meet the requirements of low-profile, wideband, and end-fire radiation pattern. It is known that a grounded dielectric slab can support TM surface wave propagation. However, when the surface impedance is varied or the dielectric slab is tapered, TM surface wave can be transformed into radiated space wave [6] . Many studies were conducted on the tapered surface wave antenna, such as the impact of curvature on the radiated field and impedance match [7] , [8] , efficiency of the feeding arrangements and edge diffraction [9] , and effect of the dielectric parameters on the attenuation constant and phase velocity of every surface wave mode [10] . However, the designed bandwidth is usually less than 3:1 because TM higher-order modes begin to propagate and radiate at higher frequencies [10] which deteriorates the antenna's radiation pattern and limits its singlemode operational bandwidth. Unfortunately, the suppression of higher-order modes in surface-wave antennas has not been reported in the open literature.
On the other hand, two-dimensional (2-D) metasurface (MS) has been widely used in antenna design owing to its extraordinary EM properties, including bandwidth enhancement or size reduction [11] , directivity improvement [12] , polarization conversion [13] , beam refraction [14] , filtering functionality [15] - [17] , and so on. The filtering property of the MS is similar to that of the frequency selective surface (FSS), in which an incident wave may induce electric and magnetic surface currents on the MS [18] . The surface currents in turn produce the scattered fields on both sides of the MS, which may be explored to improve the radiation pattern of the antenna by changing the shape and periodicity of the MS.
The objective of this paper is to provide a technique of improving the radiation beam in surface-wave antennas by coating it with the MS, while retains its low-profile structure. It will be demonstrated that eight rows of non-uniform rectangular loop with gradually decreasing lengths along the end-fire direction are employed and located at the strongest radiation area of TM 1 mode. The induced electric currents on the MS can change the surface impedance at the airto-dielectric interface, and in turn control the magnitude and phase of the transmitted field. A blind-filled cylinder hole (BFCH) embedded in the grounded slab is also utilized to further improve the radiation pattern at certain high frequencies. With the proposed techniques, a wideband and lowprofile surface-wave antenna is realized. All simulated results are obtained by using ANSYS HFSS. The experimental data of the proposed surface-wave antenna is in good agreement with the simulated results, which validates the effectiveness of the proposed techniques. Fig.1 shows the geometry of the overall antenna prototype, including MS coating and BFCH. The antenna consists of three parts: a surface wave launcher, a grounded slab, and gradient MS. The surface wave launcher is a transition between coaxial probe and grounded Teflon slab with a dielectric constant of 2.2. In order to widen the bandwidth of the launcher, a section of ridged waveguide is introduced into the transition [2] , [19] . The grounded slab includes two sections: a uniform section (Y 1 ) and a tapered section (Y 6 -Y 1 ), both inserted into a parallel-plate waveguide of the surfacewave launcher. The bottom layer is ceramic material with a dielectric constant of 25, while the top layer is Teflon. The thickness of the surface-wave launcher is 5 mm, which has the same height as the grounded ceramic slab. A pair of posts is employed to suppress TE 30 higher-order mode in the flare waveguide. This structure is effective to excite TM surface mode in the uniform ceramic slab. The exponential profile of the tapered ridge can be expressed as
II. ANTENNA GEOMETRY
where
The final antenna is embedded into a large aluminum platform with the same top surface. The size of the platform is about 100 mm (W ) × 233 mm (L) × 8.5 mm (h). An SMA connector is used as the feeding source with its inner conductor being inserted into a hollow metallic cylinder that has a height of h 01 = h 1 − h m and diameter of D 1 , and connected with the starting part of the ridge, and the outer conductor being connected to the bottom surface of the metallic platform.
To improve the radiation beam in higher frequency, we introduce a planar gradient MS array, illustrated in Fig.1 (b) . The MS array consists of 16 unit cells arranged in a 2 × 8 array. These non-uniform rectangular loop resonators are placed symmetrically on the strongest field points of TM 1 mode along the x-axis. The length of the loop and gap Fig.1 (a) ) is etched on the ceramics slab along the y-axis, which may help to confine the radiation of TM higher-order mode for achieving a good radiation pattern at certain high frequencies.
III. ANTENNA DESIGN AND CONSIDERATIONS A. THEORETICAL ANALYSIS
For a grounded dielectric slab, the relationship between slab thickness h 1 and surface wave's operating wavelength can be expressed as [20] 
where ε r1 is the dielectric constant of the ceramic slab, λ is operating wavelength in free space. It is well known that only dominant TM 0 mode can be radiated when the thickness of the dielectric slab reaches λ/4 √ ε r1 [7] , while the main radiating location of the first and second high-order modes TM 1 and TM 2 can be confirmed at the thickness of 3λ/4 √ ε r1 and 5λ/4 √ ε r1 , respectively. Assuming a radiated TM plane wave (E x = H y = H z = 0) produced by a slab thickness of 3λ/4 √ ε r1 (including TM 0 mode and TM 1 mode) or 5λ/4 √ ε r1 (including TM 0 mode, TM 1 mode, and TM 2 mode) incident at an angle θ i on a 2-D MS at a specific high frequency, as illustrated in Fig.2 . The electromagnetic boundary condition on MS can be given as [21] 
where E y avg is the average electric fields on the MS surface, and the electric surface impedance of the MS surface is Z es = Re (Z es )+jI m (Z es ). Owing to the passive MS condition, we obtain (5) and (6), as shown at the bottom of the next page, where 2nπ + π 2 , n = 0, 1, 2, . . . Fig.3 illustrates the transmission coefficient (t) and reflection coefficient (r) as functions of the surface reactance and the phase, respectively. It is clearly seen that the magnitude and phase of the transmitted and reflected TM wave can be controlled by varying the electric surface reactance of the MS from negative to positive.
B. DESIGN OF THE MS ARRAY
In order to realize such a suitable impedance surface, the E-field distributions on the top surface of the ceramic slab at several frequencies of 5 GHz, 10 GHz, 12 GHz, 14 GHz, 16 GHz, and 18 GHz, are presented in Fig.4 . As expected, in addition to TM 0 mode, more than one higher-order modes are excited at different positions for different frequencies above 10 GHz. With the increasing frequency, the positions of TM higher-order modes shift toward the end-fire direction (along the positive y-axis direction).
Based on the above understanding, the design procedures are summarized as follows.
1) Rectangular loop is used as the MS array element owing to its multi-mode resonance and compact cell size. Each loop and the space between adjacent loops produce a series LC resonant circuit so as to provide the needed surface reactance, and control or reduce the transmission of the radiated TM wave. Therefore, the loop size is selected to be about one-wavelength based on the frequency requirement initially.
2) Only TM 1 mode and TM 0 mode is considered here for simplification. The initial distributions of the MS array can be determined according to the strongest E-field region of the excited TM 1 mode, as marked in Fig.4 . Moreover, all MS are arranged in a straight line along the y-axis and have a symmetrical configuration along the x-axis owing to the antenna symmetric nature.
3) Location and quantity of the MS array shall be determined. Since a small radiated power of TM 1 mode below 12 GHz is observed in Fig.4 , a frequency range from 12 GHz to 18 GHz is chosen. According to (2) , the covering region of the TM 1 mode from 12 GHz to 18 GHz is overlapped with that of TM 0 mode from 4 GHz to 6 GHz. In order to decrease the effect of the MS on the radiation of TM 0 mode from 4 GHz to 6 GHz, a small quantity of MS is used in the design. Firstly, the first row and the eighth row of loops, which are corresponding to the frequencies of 12 GHz and 18 GHz, are determined. Secondly, the locations of the loops operating in 14 GHz and 16 GHz are confirmed, and then smooth the length of all loops from 12 GHz to 18 GHz. Ultimately, an optimum gain pattern over the entire band can be achieved by adjusting the length of the loop and the space between adjacent loops using HFSS. It is found that symmetric eight loops are enough to produce a good gain pattern. It is noticed that the distance between adjacent loops in the y-direction is designed as an inhomogeneous structure, which may attribute to the irregular curved ceramic slab.
4) Effect of some loops on the end-fire pattern and impedance match at lower frequencies should also be considered so that the locations of these loops need to be redistributed. Radiation pattern shall be determined by the loop dimensions, relative distance between adjacent loops including horizontal and longitudinal distance. It is noticed that the final loop size is slightly larger than one wavelength owing to the oblique incident TM wave.
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C. EFFECT OF THE BFCH
From the above-optimized results, it is found that the sidelobe level (SLL) is still high at 14 GHz. In order to improve the SLL at 14 GHz, a BFCH is introduced as a discontinuity. The mechanism of the discontinuity is similar to that of a waveguide discontinuity, where the loaded region can be seen as inductively loaded element on the top dielectric-freespace interface. If the BFCH is placed at a suitable location (0, W 3 ) around the strongest radiation region of TM higherorder modes, the open-circuit terminal is transformed into a short circuit or the radiation condition in the loaded region is not satisfied. Therefore, the radiation of higher-order mode at 14 GHz can be controlled by parameter W 3 . Fig.5 shows the comparison of the E-field distributions and radiation patterns with and without the BFCH. It is observed that when the BFCH is used, the field distribution of TM higher-order mode region is changed and becomes more uniform compared with that without the BFCH so as to achieve a good E-plane radiation pattern, whereas the H-plane pattern almost keeps no change. It is worth noting that a small diameter D 0 should be utilized for reducing the effect of the BFCH on the radiated field and impedance match at other frequencies.
D. GAIN PATTERN COMPARISON WITH AND WITHOUT MS AND BFCH
All parameters of the proposed surface-wave antenna are carefully tuned and finalized to obtain an acceptable radiation pattern over the entire band, and the optimized parameters are presented in Table 1 . Fig.6 shows the simulated radiation patterns comparison with and without the MS and BFCH to exemplify the effectiveness of the proposed method. It is noted that the simulated cross-polarization level is at least 17 dB lower than co-polarization level, especially in the end-fire direction. Therefore, only the co-polarization patterns are presented. In the E-plane, the main beam of the surface-wave antenna without the MS and BFCH is distorted greatly and the maximum radiation beam is deviated from the end-fire direction at a large angle at 12 GHz and 14 GHz owing to the effect of the undesired higher-order mode. As the frequency increases, many high side lobes are produced, i.e., the first SLL is only 3.8 dB less than the main beam at 17 GHz. However, when the MS and BFCH are used, the SLL is decreased greatly and a good main beam is also achieved.
In the H-plane, almost stable radiation patterns are obtained at 10 GHz and 17 GHz. However, a large difference is observed at 12 GHz and 14 GHz. It is because the slant angle of the H-plane without the MS and BFCH is different with that with the MS and BFCH owing to different main beam angles. For example, the slant angle is 52 • for 12 GHz and 54 • for 14 GHz without the MS and BFCH, whereas the slant angle is 38 • for 12 GHz and 30 • for 14 GHz with the MS and BFCH. It can be concluded that the proposed method is effective in suppressing TM higher-order mode produced in a thick grounded slab.
IV. SIMULATED AND MEASURED RESULTS
A prototype of the designed surface-wave antenna is fabricated and tested, as shown in Fig.7 . Some screws are used to fix the top conducting layer on the metallic platform, which have no effect on the antenna's radiation performance.
The VSWR results of the proposed antenna are measured using a calibrated Agilent vector network analyzer N5230A. The radiation performance of the antenna is measured in an anechoic chamber.
A. VSWR bandwidth from 3.56 GHz to 18.5 GHz in simulated results, whereas the measured VSWR is less than 2.5 from 3.78 GHz to 18.54 GHz. The corresponding fractional bandwidths are 135.4% and 132.3%, respectively.
B. RADIATION PERFORMANCE
The simulated and measured 2D radiation patterns of the proposed antenna in the E-plane and H-plane at the frequencies of 4 GHz, 7 GHz, 10 GHz, 12 GHz, 14 GHz and 17 GHz are shown in Fig.9 . Generally, the simulated and measured patterns are in good agreement. It is clear that the proposed antenna exhibits good end-fire radiation pattern, and the radiation beam angle in the E-plane tilts away from the end-fire direction to an angle of around 38 degrees at all frequencies owing to the finite ground size. In the H-plane, an approximately symmetrical pattern is observed, which is attributed to the symmetric geometry with respect to the y-axis. Fig.10 plots the simulated and measured peak realized gain versus frequency for the proposed antenna. The peak gain is obtained by choosing the maximum gain value of radiation pattern in the E-plane. As can be observed, within the operating bandwidth from 3.5 GHz to 18 GHz, the simulated gain varies between 5.73 dBi at 3.5 GHz and 16.2 dBi at 16.5 GHz, while the measured gain varies between 5.5 dBi and 14.1 dBi. Moreover, the simulated and measured gain values are increasing progressively and the measured results are slightly less than the simulated values. Especially within the frequency ranges from 14 GHz to 18 GHz, a large gain discrepancy is noted, which may be attributed to the reason that the measured VSWR from 14 GHz to 18 GHz is much higher than the simulated results so that the total radiated energy is smaller. Other possible factors attributing to the discrepancies between simulated and measured results include the fabrication tolerance, the alignment error of our measurement platform, and the error of material parameters of the ceramic substrate. In particular, the dielectric loss tangent (tan δ) of our commercial ceramic material has a large effect on the gain, which is illustrated in Fig.11 . It is seen clearly that with an increasing loss tangent of the ceramic slab, the gain is decreased (for example, gain from 13.04 dBi for loss tangent of 0.001 to 5.7 dBi for loss tangent of 0.01 at 12 GHz; gain from 14.3 dBi for loss tangent of 0.001 to 4.8 dBi for loss tangent of 0.01 at 17 GHz). Therefore, the discrepancy between simulated and measured results is still within a reasonable range by considering all these factors. 
C. PERFORMANCE COMPARISON
The performance of the proposed antenna is compared with previous designs in the literature in terms of fractional bandwidth, profile size, gain, polarization, and conformal requirement, as shown in Table 2 . It is seen that our proposed antenna has the widest bandwidth, while maintaining a low profile. More importantly, our designed antenna is embedded into a large aluminum platform, which is then suitable for practical conformal environments. The design in [1] has a large profile, though its bandwidth is more than 117%. The antenna in [3] , constructed by using ridged H-plane horn, uses a three-step ridge to enhance the operating bandwidth, while its bandwidth and profile are still smaller and thicker than those of our proposed antenna. The design in [5] has a very impressive low profile, though its bandwidth is slightly smaller than our antenna. Compared with the work in [7] , our proposed antenna has the same profile, while exhibiting much wider bandwidth.
V. CONCLUSION
An end-fire surface-wave antenna with wide bandwidth and low-profile characteristics has been described in this paper.
In order to enhance the operating bandwidth of the surface wave antenna, a gradient MS array together with a small BFCH has been employed to suppress TM higher-order modes excited in a grounded slab at higher frequencies. The final antenna has been fabricated and tested. Measured results show that the MS and BFCH can effectively improve the radiation pattern at higher frequencies. Moreover, the surface wave antenna has a very wide bandwidth from 3.78 GHz to 18.54 GHz with VSWR < 2.5, and retains a low profile of only 5 mm (∼ 0.063λ L ). Good end-fire radiation pattern and high gain have also been experimentally verified.
